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Abstract

:

In this paper, we begin by describing the Starlink constellation’s configuration plan, treating each satellite as a network node, naming and numbering the various nodes, and then classifying the laser interstellar links (LISLs) according to their orbital alignment and whether they are permanently visible. Whereupon, the method for calculating the respective theoretical interstellar distances required for establishing LISLs under two distinct orbital scenarios, co-orbital and hetero-orbital are analyzed, and the optimal phasing factors are proposed by solving an optimization algorithm for the shortest distance. The OneWeb and Starlink constellations, as well as the constellation states of various phasing factors are simulated, respectively. The Starlink constellation with F = 11 obtains the best coverage between 60° north and south latitudes predicated upon the analysis of the constellation N Asset Coverage. Following that, the first phase of the Starlink constellation deployment was modeled in order to analyze and count the number of permanent LISLs in orbit, adjacent to, and nearby. Subsequently, the characteristics of azimuthal, elevation, and range (AER) were subsequently analyzed to ascertain their variation law and to compile the number of permanent and temporary LISLs that could be established at various inter-distance ranges. Finally, predicated on the simulation results, the optimal LISLs connection strategy for the Starlink constellation is evaluated and a static topology for the constellation is constructed.
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1. Introduction


Satellite networks, as a vital component of 5G and future 6G technologies, already play a pivotal role in aerospace, industrial and agricultural development, transportation, rescue and disaster relief, and smart city construction, among other applications. Mankind’s desire for robust communication capabilities and ubiquitous service coverage is driving satellite networks toward increased dynamics, densification, and heterogeneity [1]. The future satellite network will be a colossal multi-layer heterogeneous satellite constellation, posing significant challenges to the network’s reliability and scalability, and to the connectivity of the network topology [2].



The construction of the space segment of Iridium’s next-generation Iridium system, which includes sixty-six LEO satellites and nine spare satellites, is nearly complete with the launch of the final ten satellites into orbit in January 2019 [3]. In addition, SpaceX devised the Starlink plan in early 2015, which was essentially acknowledged as a link scheme through satellites [4]. As of March 2021, SpaceX’s public filings with the Federal Communications Commission (FCC) identify only a few specific constellation parameters, and specify that each satellite will have four laser links, but make no mention of a mechanism for allocating inter-satellite link connections [5]. As the world’s largest low-Earth orbit (LEO) constellation to date, with thousands of satellites launched in the first phase alone, the deployment of interstellar link technology offers the potential to alleviate congestion on the ground network and minimize the need for ground stations.



Table 1 outlines the parameters of several typical international LEO constellation systems. It is evident that microsatellite technology tends to be practical, and the fact that a large number of mature commercial-grade components are used to construct microsatellites leads to its short development cycle and low cost [6]. The LEO constellation system has reached its pinnacle of development due to the high demand for high-capacity, low-latency satellite communications [7]. For the development of the next LEO mega-constellations, it is thus crucial to synthesize the variation laws of LISLs in different situations and optimize the static topology of the constellation.



This paper examines, from a topological standpoint, the use of satellites as network nodes and wireless links as network edges, both of which can connect users in the three fields of sea, land, and air through inter-satellite and satellite-ground links [8]. To optimize the topology of OISLs for future navigation satellites, for instance, Zeng et al. proposed the multi-objective discrete binary particle swarm optimization algorithm, which fully took into account the complex constraints of inter-satellite links [9]. Through the analysis of ISL paths, Chen et al. sought to offer insights into the topology and routing design of Mega-constellation networks; numerical results reveal the superiority of optimizing the constellation phasing factor [10]. Consequently, it is worthwhile to investigate the static topology of satellite networks, as well as the optimal phasing factor and connection strategies for LISLs in varying states.



While many researchers have studied and found sufficient performance with the topology design of LEO constellation networks, they frequently base their findings on the assumption that the total number of satellites would not exceed 100, as is the case with the optimal Walker constellation’s topology design [11]. As a result, the previously proposed topology algorithms are incompatible with large constellations, and a new link allocation strategy is necessary to re-propose the inter-satellite links in large-scale LEO satellite constellations so as to design an appropriate topology and minimize inter-satellite communication delay [12]. As such, this paper explores the visibility law of the interstellar link layer and proposes connection strategies for characterization and construction of scalable and connected intra-layer topologies for spatial information network topologies utilizing Starlink constellation as an example.



The remaining sections of this paper are structured as follows: In Section 2, an overview of Free-space optics is presented along with the Starlink constellation configuration plan. Section 3 describes the universal geometric approach for optimal inter-satellite visibility. Section 4 reveals the simulation results using the proposed strategy and the variation laws. Finally, this work is concluded in Section 5.




2. Background


Optical wireless communication in space information networks is conventionally referred to as free-space optics (FSO), which refers to optical communication systems that transmit optical signals through the atmosphere rather than through optical fibers, and is a hybrid of fiber optic and wireless communication. FSO links are used to transmit optical signals from an optical transmitter through the atmosphere or space vacuum to an optical receiver. The transmitter and receiver require a clear line of sight. A satellite laser interplanetary link communication system is illustrated in Figure 1. The system is comprised of an optical subsystem, an ATP subsystem, a communication subsystem, and an interface and control subsystem [13].



Laser intersatellite links (LISLs) will be widely used in constellations after deployment in the coming years, such as the first phase of SpaceX’s planned Starlink constellation, in which satellites can establish laser connections to other satellites in the same or different orbital planes (OPs). Satellites in this LEO layer constellation can establish laser links with other satellites in the same or different orbital planes. In comparison to conventional microwave communication, laser communication benefits from high transmission rates, wide band-width availability, strong anti-electromagnetic interference capability, high security and confidentiality, as well as the small size, light weight, and low power consumption of laser terminals, all of which contribute to LISLs gradually becoming an important means of establishing future LISLs, and one of the best ways to address the problems of high-speed space communication [14]. However, LISLs do pose several limitations. Due to the narrow beam, it is difficult to target and capture the orbit of LISLs under the high dynamic motion conditions of two satellites, which compounds the complexity of the system design [15].



These studies are crucial for expanding routing options, enhancing satellite redundancy backup, and enhancing satellite networks’ topological resilience. Additionally, in order to find reliable temporary LISLs for next-generation optical wireless satellite networks, it is necessary to develop efficient ATP systems with reasonable packet conversion and low cost. Additionally, will be necessary to equip satellites with more optional LISL terminals in order to construct a robust network topology using permanent LISLs and flexible options for a large number of variable temporary LISLs.



Starlink Constellation Configuration Plan


As of January 2022, SpaceX had launched a total of 35 Starlink satellites employing the Falcon-9 launcher, and with the launch of the latest batch, its total number of satellites has increased to 2042, with three orbital types: non-polar inclined orbit, polar orbit, and sun-synchronous orbit, each with an orbital inclination of 53°, 70°, or 97.5° [16]. Since 2014, when SpaceX announced the Starlink constellation initiative, the satellite configuration plan has been revised multiple times. In November 2018, SpaceX proposed amending the FCC’s license to lower the LEO layer constellation’s orbital altitude from 1150 km to 550 km and to operate 1584 satellites at this altitude [17]. In April 2020, SpaceX amended the FCC license once more, increasing the orbital altitude of all satellites in the LEO layer constellation to 540–570 km, as shown in Table 2.



The Starlink constellation of LISLs terminals has been under continuous development and is expected to eventually provide capacities of up to 10 Gb/s. To accomplish SpaceX’s goal of establishing an efficient communications network with global coverage in space, inter-satellite links are required to provide transmission capacity measured in gigabits per second capacity, which will eventually expand to terabits per second, which is the development plan of the next-generation satellite network [18].





3. Methodology and Analytical Approach


3.1. Numbering and Classification of Inter-LISLs


In order to facilitate description, this paper unifies the orbits and satellites within the orbits of the Walker constellation by naming the satellite nodes in the form of   S (  P i  ,  M j  )  , indicating the    M j    satellite within the first    P i    orbital plane. The orbit number    P i    increases in clockwise direction, and the satellite number    M j    increases in the same direction as the orbit. The orbits    P  i + 1     and    P  i − 1     are named as adjacent orbits of    P i   , since the satellites in the same orbit have the same orbital speed and direction,    M  j + 1     and    M  j − 1     are named as the forward and backward satellites of    M j   , respectively.



The classification of LISLs for the mega-constellation is based on two different rubrics: whether the LISLs are in the same orbit, and whether the LISLs are permanently visible.



	1.

	
Co-orbiting and hetero-orbiting LISLs







In an orbital plane, satellites with the same orbital altitude all move in the same direction at identical speed. According to the positions of satellites within the constellation, LISLs within the constellation can be classified into two main types: (a) LISLs established between two satellites in the same orbital plane; (b) LISLs established between different orbital planes.



Among them, the heterodyne LISLs can be further classified into the following three types:




	
Adjacent OP LISLs, which are between satellites in adjacent OPs;



	
Neighboring non-adjacent OP LISLs, which are between satellites in nearby instead of adjacent OPs;



	
Crossing OP LISLs, which are between satellites in crossing OPs.








As shown in Figure 2a, an example of adjacent and nearby OP LISLs, where the satellite   S ( 1 , 1 )   has a LISL indicated by a yellow dashed line, and the satellites   S ( 2 , 65 )   and   S ( 24 , 35 )   are located in two nearby planes,    P 2    and    P  24    , respectively; An example of crossing OP LISLs is shown in Figure 2b, where satellites   S ( 12 , 32 )   and   S ( 14 , 21 )   are located in orbital planes    P  12     and    P  14    , respectively, both intersecting with    P 1    where   S ( 1 , 1 )   is located.



	2.

	
Permanent and temporary LISLs







Intersatellite links can be classified as permanent and temporary LISLs, also referred to as static and dynamic LISLs, depending on the duration of their connection. Permanent and temporary inter-satellite links are determined by the relative positions and motion relationships between satellites in the constellation, i.e., the geometric configuration of the constellation, the relevant performance parameters of the antennas, the phase difference, and the azimuth. These parameters also serve as the main parameters describing the satellite communication link. Permanent interstellar links are always connected and do not have to be dynamically reconstructed, while temporary interstellar links are often dynamically disconnected and dynamically reconstructed [19].



Permanent LISLs established between satellites orbiting at the same speed within the same orbital plane are relatively simple to upkeep; between neighboring satellites orbiting at different speeds within the same orbital plane, there are some difficulties in establishing permanent LISLs due to the relative speeds, but over time, a large number of temporary LISLs are generated within different time slices. For instance, when observing the Starlink constellation from any region above the Earth, half of the constellation’s satellites can be seen orbiting toward the southeast while the other half orbit toward the northeast. These satellites on mission generate a large number of intermittent LISLs between the crossed orbital planes. While this connection state cannot last for an extended period of time, such a link is essential for increasing the constellation redundancy and resistance to destruction, improving the routing options and thus reducing the path delay. As a result, determining the pattern of interstellar links between orbits at various stages of the cycle is an especially intriguing task for enhancing the flexibility of network communication.




3.2. Initial Phase


After the satellites are assigned their numbers, their spatial position information can be visually observed and analyzed, as shown in Figure 3, a schematic diagram of the distribution of satellites in the Delta constellation. At this time, the satellites in three different orbital planes are all climbing at speed v in the ascending orbital segment. Taking   S ( 1 , 1 )   as the initial position, assuming that the constellation is uniform, and the inclination of all orbital planes in the constellation relative to the equator is the same, the initial phase of any satellite    M j    on any orbit    P i    in the constellation  τ  is shown in Equation (1).


  τ = ( − 2 π × F × (  P i  − 1 ) ) / S + ( 2 π × (  M j  − 1 ) ) / M  



(1)




where   Δ σ   is the phase difference of adjacent satellites in the same orbital plane;   Δ Ω   is the phase difference of the ascending intersection point of two adjacent orbital planes; and   Δ ω   is the phase difference between two neighboring satellites in adjacent orbital planes, as shown in Equations (2)~(4), respectively.


  Δ σ = 2 π / M  



(2)






  Δ Ω = 2 π / P  



(3)






  Δ ω = 2 π × F / S  



(4)








3.3. Chain Building Threshold Analysis


The mega-constellation features relative motion between satellites, constant visibility changes between satellites in different orbits, and inter-satellite links are also opened and closed, resulting in a highly dynamic and time-varying spatial information network. In general, LISLs adopt the principle of continuous link building to establish an intersatellite network topology comprised of fixed pairs in spatial position relationships. Due to the fact that LISLs require pre-captured antennas, and the process of aligning antennas for correction takes a significant amount of time, fixed pairing can greatly reduce link switching and the time required for antenna alignment [20]. Based on the continuous regime of LISLs, it is prerequisite and essential to analyze the constellation network topology by evaluating the visibility relationship for each satellite in order to calculate the spatial position and inter-satellite distance of satellites in the constellation, as well as to select the appropriate satellites for link building between co-orbital and hetero-orbital links [21].



	1.

	
Calculation of the distance of LISLs within the same orbit







If there are satellites    S 1    and    S 2    in the same orbit then the distance between the two satellites    d  12     is shown in Equation (5).


   d  12   =  2  × ( R + h ) ×   1 − c o s ∠  s 1  o  s 2     



(5)




where    d  12     denotes the distance between satellites    S 1    and    S 2   ,  R  is the radius of the Earth,  h  is the orbital altitude of satellites    S 1    and    S 2   ,  γ  is half of the corresponding geocentric angle of satellites, and   ∠  s 1  o  s 2    is the angle between satellites    S 1    and    S 2   . The radius of the Earth at its equator is approximately 6378 km, as shown in Figure 4, where the blue segment represents the Earth, the gray segment represents the atmosphere, and the yellow segment represents any satellite in the LEO layer. As a result of the previous analysis, it is evident that satellites in the same orbit remain relatively stationary throughout the operation, the link length formed is constant, and the azimuth and elevation angles do not change significantly, so it is relatively easy to establish LISLs. However, additional factors need to be taken into consideration regarding the satellite communication links, such as the satellites    S 1    and    S 3    in Figure 4 being at one time blocked by the Earth for communication links; the scattering and absorption of various gases and other suspended particles in the Earth’s atmosphere, and the influence of atmospheric turbulence, which can cause the laser communication links of the constellation to be attenuated, which may manifest as light intensity flicker, beam drift, and jitter [22]. Therefore, for co-orbital satellites to establish link connections, it is necessary for the conditions shown in Equation (6) to be met.


  ( R + h ) × c o s γ > ( R + H )  



(6)







	2.

	
Distance calculation of LISLs between different orbits







The angle formed between the two satellites and the center of the earth  θ  can be calculated from the satellite’s latitude and longitude position information, and the equation for the geocentric angle of satellites    S 1    and    S 2    is shown in (7).


  θ = a r c o s   s i n (  φ 1  ) × s i n (  φ 2  ) + c o s (  φ 1  ) × c o s (  φ 2  ) × c o s (  λ 1  −  λ 2  )    



(7)




where    φ 1    is latitude and    λ 1    is longitude, the position information of the satellite    S 1    can be noted as (   φ 1   ,    λ 1   ); the satellite geographic location coordinates formula is shown in (8)~(10).


   φ 1  = a r c s i n ( s i n ( i ) × s i n ( β ) )  



(8)






   λ 1  =  λ 0  + a r c t a n ( c o s ( i ) × t a n ( β ) ) − ζ × t + C  



(9)






  β = ω × t + τ  



(10)




where  i  is the orbital inclination,  β  is the angular distance between the satellite    S 1    and the ascending node,    λ 0    is the longitude of the ascending node,  ζ  is the angular velocity of the Earth’s rotation,  t  is the time of the satellite,  ω  is the angular velocity of the satellite, which is generally determined by the satellite period,  τ  is the initial phase of the satellite, which is calculated by Equation (1). When  C  is a constant,   β ∈   − π , −    π / 2  )  ,   C = − π  ; when   β ∈   −  π / 2  ,  π / 2    )  ,   C = 0  ; when   β ∈    π / 2  , π   )  ,   C = π  .



As shown in Figure 5, the instantaneous elevation angles of the satellites    S 1    and are    S 2   ,    δ 1   , and    δ 2   , respectively; and the elevation angle is the angle between the tangent line of the satellite’s orbit and the LISLs. Based on the geocentric angle  θ , the instantaneous interplanetary link distance    d  12    , and the instantaneous elevation angles    δ 1    and    δ 2    can be calculated from the satellites    S 1    and    S 2   , as shown in Equations (11)~(13).


   d  12   =    R 1 2  +  R 2 2  − 2 ×  R 1  ×  R 2  × c o s θ    



(11)






   δ 1  = a r c c o s (  R 2  × s i n ( θ ) /  d  12   )  



(12)






   δ 2  = a r c c o s (  R 1  × s i n ( θ ) /  d  12   )  



(13)







The altitude of the LISLs established by the two satellites above the surface    h ′    is shown in Equation (14).


   h ′  =  R 1  × c o s (  δ 1  )  



(14)







Since the radius    R i    of the satellites in the same orbital are identical, which is    R i  = R + h  , the instantaneous inter-satellite link between the two satellites  d  is therefore presented in Equation (15).


  d =   2 ×  R 2  × ( 1 − c o s θ )    



(15)







The maximum visible distance  x  between the two satellites is shown in Equation (16).


  x = 2 ×    R i 2  −   ( R + H )  2     



(16)







When    h ′  > R + H   or   d < x  , an interplanetary link can be established between the satellites    S 1    and    S 2   , but not vice versa, so the set of visible satellites of the satellite    S 1    can be expressed as   Y =      S 1    x ≥  d  l i      .




3.4. Optimal Phasing Factor


After the initial phase in the constellation is determined using Formula (1), the longitude and latitude coordinates of the satellite are determined using Formulas (8) and (9), and the distance between satellites in different orbits is calculated by the Formula (15), which is then substituted into Formula (16), to obtain the longest visible distance x between the two satellites. Using  x  as the criterion, if the maximum value is not exceeded, it means that the two satellites are within the visible range of each other and LISLs can be established [23]. From the above analysis, the phasing factor indicates the relative phase difference of satellites passing through the equatorial plane between adjacent orbits, which is the relative phase measured by the interval 1/P of adjacent satellites in any one orbit. Therefore, the first step in simulation modeling is to solve the phase between satellites adopting an optimization algorithm. Two fundamental criteria govern the optimization process are: first, to maximize the shortest distance between any orbiting satellites; and second, in the case of establishing LISLs in cross orbital planes, no collision event between satellites in different orbital planes can occur [24]. The above rule is also acknowledged as the binomial criterion.



This paper calculates the shortest distance between any two satellites at different times by simulating the situation under different phasing factors. Using an optimization algorithm to find the optimal solution that meets the conditions, its N Asset Coverage is analyzed, and the pros and cons of the constellation performance are compared [25].



For the Walker constellation, a five-element parameter set can be applied to fully describe its configuration:     M , P , F , h , i    , which indicates that the constellation consists of  S  satellites evenly distributed in  P  orbital planes,  h  is the orbital altitude,  i  is the orbital inclination,  M  is the number of satellites contained in each orbit. Accordingly, the total number of satellites is   S = P × M  ,  F  indicating the phase value of the eastern orbit ahead of the western orbit, which is related to the total number of satellites, and the value range is   0 ≤ F ≤ P − 1  . The pseudo code for the algorithm is shown in Algorithm 1.



	Algorithm1 Pseudocode for optimal phasing factor solution algorithm



	Input:  P



	Output: Optimal Phasing Factor



	1: Max ← 0, Min ← 0, BF ← 0



	2:  for F ← 0 To    P i  − 1  



	3:   for M ← 1 To    M j   



	4:    for N ← 1 To M



	5:        d  12     ← Calculate the distance of LISLs for    S 1    and    S 2    using Equation (12)



	6:      if Min == 0 Then



	7:        Min ←    d  12    



	8:      else



	9:          if Min <    d  12     hen Min ←    d  12     End



	10:     end



	11:    Next N



	12:   Next M



	13:   if Max < Min Then



	14:       Max ← Min



	15:      end



	16:    Next P



	17:   F = P − 1



	18:   Optimal Inter Spacing ← F










4. Results and Discussion


4.1. Solving for the Optimal Phasing Factor


Based on the constellation data in Table 1, it can be observed that the Starlink constellation and the OneWeb constellation are expected to deploy a large number of satellites, whereas other constellations such as Telesat are not in the same order of magnitude; therefore, no comparison is produced. This paper examines the variation of the shortest distance under various phasing factors for the OneWeb and Starlink constellations, as depicted in Figure 6.



Figure 6a illustrates the variation of the OneWeb constellation, where   0 ≤ F ≤ 17  , due to the absence of cross-links, the shortest distance of LISLs is always greater than 0, collisions do not occur, and the shortest distance appears when F = 9. Figure 6b shows the variation of the Starlink constellation, where   0 ≤ F ≤ 23  , when the shortest distance of LISLs is 0, the two satellites will collide, thereby even values of  F  should be avoided. In order to satisfy the two basic optimization criteria, it is necessary to select the peak value so that the optimal  F  for the LEO layer in the first phase of the Starlink constellation is obtained as 11 by solving.




4.2. Simulation Modeling


As shown in Figure 7a, which is the LEO layer of the OneWeb constellation, and the simulation’s five-element parameter set is {40, 18, 9, 1200 km, 86.4°}, with 18 orbital planes and 40 satellites per orbit, and the optimal phasing factor is set to 9. As shown in Figure 7b, which is the LEO layer of the Starlink constellation, the simulation’s five-element parameter set is {66, 24, 11, 550 km, 53°}, with 24 orbital planes and 66 satellites per orbit, also the optimal phasing factor is set to 11. In the simulation figure, satellites of the same color represent that they are in the same orbit. The effects of various satellite numbers and phasing factors on the coverage performance are discussed using the OneWeb constellation as a comparison group. The simulation begins at 4:00:00.000 on 1 July 2022 and ends at 4:00:00.000 on 2 July 2022, lasting 24 h.




4.3. Comparison of Coverage Performance


This paper establishes four groups of coverage performance comparisons and provides the global coverage of the Starlink and OneWeb constellation. Figure 8a is the Starlink constellation with F = 1, Figure 8b represents the Starlink constellation with F = 11, Figure 8c represents the OneWeb constellation with F = 1, and Figure 8d represents the OneWeb constellation with F = 9. From the graph analysis, the following conclusions can be drawn:




	
OneWeb’s constellation of 720 satellites essentially provides global coverage, with polar regions receiving optimal coverage. Between 60° north and south latitude, when F = 1, the constellation N Asset Coverage is up to 85; when F = 9, the constellation N Asset Coverage is up to 90. In polar regions, when F = 1, the constellation N Asset Coverage is up to 110; when F = 9, the constellation N Asset Coverage is up to 130.



	
The 1584 satellites in the first phase of Starlink have not yet covered all polar regions; optimal coverage can be achieved between 30°~50° north and south latitude. Between 60° north and south latitudes, when F = 1, the constellation N Asset Coverage is up to 85; when F = 11, the constellation N Asset Coverage is up to 130. The 0-fold coverage in the region above 60° north-south latitude is determined by the orbital inclination, and the coverage will be enhanced by the deployment of an orbital surface with an inclination of 97.5°.








Comparatively, it can be noted that setting the optimal phasing factor can significantly improve the constellation coverage performance, and for the majority of users distributed between 60°, Starlink showcases superior coverage performance than OneWeb.



Due to the superiority of the Starlink constellation coverage performance, the following analysis is mainly performed on the Starlink constellation with F = 11. The distance between any two satellites in the generated constellation model is observed to show the visibility relationship between any satellites in the form of a graph, and to describe the inter-stellar link AER characteristics, which is the key and basis for analyzing the constellation topology.




4.4. Visibility Analysis


Due to the fact that LEO satellites orbit the Earth at a high rate of speed, the latitude and longitude of the heterodyne satellites change in lockstep with them, affecting the network topology constructed by LISLs. As a result, the visibility analysis among the satellites is performed first in the simulation scenario. Since the geometric configuration of the Starlink constellation is symmetric, any satellite’s geometric characteristics can be applied to represent the geometric characteristics of the remaining satellites that are symmetric with it. We selected a satellite   S ( 2 , 1 )   as the research object in this paper to examine the visibility of LISLs between satellites in the same and different orbits within a 24 h period.



	1.

	
  S ( 2 , 1 )   and the satellites in the same orbit    P 2   







From Figure 9, it can be seen that there are sixteen satellites in the same orbit as   S ( 2 , 1 )   that are always visible during 24 h. The remaining satellites are not in the visual range due to the blockage of the Earth’s sphere during the whole time, and no interplanetary link can be established. Therefore, it can be concluded that for any satellite   S (  P i  ,  M j  )  , when,   1 ≤ i ≤ 24    2 ≤ j ≤ 9   is its forward eight satellites in the same orbit and   59 ≤ j ≤ 66   is its backward eight satellites in the same orbit, these sixteen satellites can form permanent LISLs with a symmetric structure.



	2.

	
  S ( 2 , 1 )   and the satellites in the adjacent orbit    P 1   







As can be seen from Figure 10, due to the symmetrical structure of the constellation, there are 17 satellites in each of the two orbits adjacent to   S ( 2 , 1 )  ,    P 1    and    P 3    that can form permanent LISLs with them within 24 h. Therefore, there are 34 satellites that can render LISLs visible throughout the day, and their satellites are not visible throughout the day due to occlusion.



	3.

	
visibility between   S ( 2 , 1 )   and the satellites in the neighboring non-adjacent orbit    P 5   







As shown in Figure 11, it can be seen that on    P 5   , there are ten satellites that are permanently visible 24 h, allowing for uninterrupted LISL establishment throughout the day; there are eight satellites which are intermittently visible on   S ( 2 , 1 )  , and the established LISLs may be interrupted. The number of such interruptions is represented in the figure as the number of intervals between the lines, e.g., 29 interruptions occur between   S ( 2 , 1 )   and   S ( 5 , 1 )   in a day; the rest of the satellites in this orbit, not shown in the figure, are unable to establish LISLs with   S ( 2 , 1 )  .



	4.

	
  S ( 2 , 1 )   and the satellites in more than three orbits apart    P 6   







The hetero-orbit is divided into adjacent orbits and neighboring non-adjacent orbits. From Figure 12, it can be seen that there are no satellites permanently visible to the selected satellite as long as they are separated by more than three orbits, either clockwise or counterclockwise. For the subject of this experiment,   S ( 2 , 1 )  , there are permanent LISLs with two adjacent orbits and four neighboring non-adjacent orbits,   P 4   ,    P 5   ,    P  23     and    P  24    .




4.5. AER Analysis


The AER characteristics of the Starlink constellation LISLs are analyzed, where A denotes the azimuth of the link, E denotes the elevation angle, and R denotes the interstellar distance, and it is discovered that LISLs in the same and different orbits exhibit distinct characteristics, which are correlated with the permanent LISLs calculated in the visibility analysis.



	1.

	
AER characteristics of the satellite   S ( 2 , 1 )   and the co-orbital link







From Figure 13, it can be seen that   S ( 2 , 1 )   has constant elevation and proximity angles and periodic azimuthal variation when   S ( 2 , 2 )   establishes co-orbital forward link;   S ( 2 , 1 )   has constant A, E, and R indicators when   S ( 2 , 66 )   establishes co-orbital backward link, which is due to the equal velocity vectors of satellite node motion within the same orbit and the their relative stationary relationship. This observation also indicates the permanent LISLs between visible satellites in the orbital plane.



	2.

	
AER characteristics of the satellite   S ( 2 , 1 )   and the heterodyne link







As shown in Figure 14, Figure 15 and Figure 16, it can be seen that the LISLs established between   S ( 2 , 1 )   and   S ( 3 , 66 )   on adjacent orbits, whose link AER characteristics are all periodic and have similar trends, are still permanent LISLs; the temporary LISLs established between   S ( 2 , 1 )   and   S ( 5 , 1 )   on non-adjacent orbits can be seen to take non-continuous values, and when the visual distance is exceeded, the LISLs are disconnected, and no azimuth and elevation angles exist at this time; There are also a large number of temporary LISLs on   S ( 2 , 1 )   and   S ( 14 , 21 )   established on the intersecting orbit plane, with a longer interval between link disconnections. While the LISLs between the crossing orbit planes may provide a backup option for link reconstruction in the event of a network node failure by increasing the topology structure’s redundancy, there are also numerous challenges to resolve in developing hardware functions.



The link length is a critical parameter in the geometric characterization of intersatellite links, as it affects the link’s transmission efficiency, time delay, throughput, and other indexes, and the AER characterization reveals the relevant laws to a certain extent. After analyzing the AER characteristics of LISLs established between co-orbital and heterodyne orbits, it is concluded in this paper that when LISLs are established with permanently visible satellites, the link AER characteristics exhibit periodic changes and take continuous values, whereas LISLs established with intermittently visible satellites break the link when out of the visible range. The change in azimuth affects the on/off state of LISLs, and the time delay introduced by the link communication varies with distance. is similar for both co-orbital and heterodyne LISLs, which reflects the geometric characteristic of the Starlink constellation, which is a uniformly distributed LEO layer, in accordance with the Delta constellation characteristics at an orbital altitude of 550 km.




4.6. Number of LISLs in Different Distance Ranges


	
Permanent LISLs






The pattern of persistent LISLs is evidenced by both intersatellite visibility and AER characterization. For data collation, data were obtained from the simulation distance analysis report, and the number of permanent LISLs in various visibility ranges was searched for using the different distance ranges of LISLs existing between the same orbit as the classification criteria, as shown in Table 3.



In an environment without water vapor, the lowest atmospheric layer starts at about 80 km above the Earth’s surface, which coincides with the minimum height of LISLs above the surface. The radius of the Earth at the equator is 6378 km, and in the Starlink constellation, there are   R = 6378   km  ,   h = 550   km  ,   H = 80   km  , and the maximum visible distance between satellites is calculated by combining Equation (13) with   x = 5016   km  . Using a single satellite as an example, under the condition of maximum visibility range of 5016 km, this satellite may establish up to 94 permanent LISLs, including 16 intra-same-orbit cases, 34 adjacent inter-orbit cases, and 44 neighboring non-adjacent inter-orbit cases.



	
Temporary LISLs






As shown in Table 4, the satellite   S ( 2 , 1 )   can establish 30 temporary LISLs with   S ( 5 , 1 )   in non-adjacent orbits within 24 h with an average duration of 1895s, where the range of LISLs for   S ( 2 , 1 )   is about 1972 km, within which   S ( 2 , 1 )   can also establish similar temporary links between four adjacent orbital planes.



When the range of LISLs reaches a certain level, a large number of temporary LISLs appear in addition to the permanent LISLs, and the number of temporary links generally increases positively along with the range of inter-satellite LISLs. The data indicate that temporary LISLs exist primarily between cross orbital planes, and mainly when satellites operate to the extent that two satellites are within the range of temporary LISLs. There will be intermittent temporary links in different time periods that serve as an auxiliary role to the connection of permanent links, maintaining the stability of the communication network, and that within the maximum range of LISLs, i.e., 5016 km, a satellite can form 293 temporary links within the span of 24 h.




4.7. Link Connection Policy


According to the analysis above, inter-satellite links can be classified in three categories as permanently visible, intermittently visible, or invisible. Satellites in the same orbit as well as those in adjacent orbits have only two permanent states of visibility and invisibility. If the inter-satellite distance is moderate and does not exceed the maximum visible distance, it is within the visible range, allowing for the establishment of a permanent link. Satellites in non-adjacent orbits have three states of visibility, and when the interplanetary link is disrupted several times, it is referred to as a dynamic link, since it is frequently disconnected and reconnected [26].



The AER characteristics of co-orbital links indicate that, for any satellite, the satellite nodes located in the same orbital plane are relatively stationary, suggesting the presence of a permanent link of fixed length with visible satellites in the same orbital plane that is always connected, i.e., the co-orbital links have equal survival time. Consequently, two of each satellite’s four intersatellite links are assigned to connect two adjacent satellites in the same orbit, while the forward and backward connections within the same orbit are kept in a constant direction, allowing for hop-by-hop data transmission along the same orbit or in the opposite direction.



According to the AER characteristics of the heterodyne link, it is understood that the visible satellites in two adjacent orbits are permanently visible and linked, while the remaining satellites in non-adjacent orbits exist in two scenarios: (1) a permanently visible link can be established between satellites, but the distance between is too great, resulting in an excessive time delay; (2) the distance between satellites is closest at a certain moment, but the visible time is too short, and as the satellites continue to operate, there will be frequent disruptions in the cycle, frequent disconnection and reconnection of the link, resulting in an excessive number of link-switching times. Combining the two scenarios above, it is evident that the best option is to establish a link with an adjacent orbiting visible satellite. The adjacent inter-orbit link is shorter in distance than the non-adjacent orbit permanent link; unlike the non-adjacent orbit closest satellite, the adjacent inter-orbit satellite does not need to switch the link during the cycle, making the link more stable. Meanwhile, the adjacent inter-orbit link can transmit data hop-by-hop along the east-west direction, and the phasing factor selection will slightly deviate the orbit from the positive east-west direction, generating a larger transmission path.



In summary, as shown in Figure 17, a static topology of 1584 satellites in the first phase of the Starlink constellation can be constructed, with the arrow indicating the direction of the satellite. As the inter-satellite distance range increases, satellites are able to establish more stable permanent links. If the satellite operation period is divided into equally spaced time slices, then a similar static topology exists within each time slice, and a large number of different temporary links exist within each time slice as time progresses. On the grounds of the periodicity and predictability of the nearest satellites over time, a strategy of dividing the number of time slices based on the number of satellites per orbit can be considered, and the satellite connectivity of all satellites within a time slice can be directly derived from the resulting LISLs law, significantly reducing the computational effort associated with the topology building process.



Considering that not all launched satellites approach orbit and that some fail due to electromagnetic storms and other factors, it is also necessary to study the visibility and number law of LISLs in various time slices for link reconfiguration under dynamic topology. However, provided the laser beam’s narrow beam width and the differing relative velocities of the two satellites that connect the intersecting orbital planes, establishing some temporary LISLs is challenging, and a more precise ATP system needs to be developed. In the future, the failure of a single satellite can also be utilized as a case study. The law analyzed in this paper is presented to probe a link reconstruction algorithm with a high degree of connectivity and a low delay, as well as the optimal routing protocol based on the shortest path principle.





5. Conclusions


The term “inter-satellite link” refers to a wireless connection between two satellites in a network that acts as a conduit for data exchange between satellite nodes. The spatial location and duration of inter-satellite links of satellites in the mega-constellation are utilized to classify and number various types of LISLs between the constellation’s satellites, and a basic model for satellite network topology analysis is created in this paper.



Whereupon, with the usage of the optimization algorithm, the optimal phasing factors of the OneWeb and Starlink constellations with a large number of deployed satellites are determined to be F = 9 and F = 11, respectively. The comparison group is then set up, followed by the OneWeb constellation with F = 1 and F = 9, the Starlink constellation with F = 1 and F = 11, and the global coverage multiplicity map is obtained to demonstrate the efficacy of the F optimization algorithm proposed in this paper. Between the latitudes of 60° north and south, the coverage performance of the Starlink constellation is superior to that of the OneWeb constellation.



Based on the coverage performance comparison results, the Starlink constellation with F = 11 is selected for the visibility and AER analysis of the LISLs, which is used to verify the link-building thresholds for co-orbital and hetero-orbital links, and the number of LISLs in different distance ranges is subsequently derived from the inter-satellite distance. Finally, based on the visibility and the number of links, the laser link connection strategy between co-orbital and hetero-orbital satellites is summarized, with the objective of theoretically constructing the static topology of 1584 satellites in the first phase of Starlink constellation deployment and laying the foundations for the constellation’s dynamic routing design and analysis.



According to the constructed topology, when the Starlink constellation is observed in any area above the Earth, we can find out that half of the constellation’s satellites orbit southeast, while the other half orbit northeast. These mission satellites generate a large number of intermittent LISLs in different directions among the intersecting satellites. A satellite can establish up to 94 permanent LISLs and 293 temporary cross-orbital interplane links with other satellites within 24 h under the condition of the maximum LISL distance range of 5016 km. While this connection state cannot remain for long, such links are critical for increasing constellation redundancy and survivability, improving routing options to reduce path delays, and more. Therefore, determining the regularity of the inter-orbital inter-satellite link at various times during the cycle is critical for increasing the flexibility of network communication.
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Figure 1. Satellite LISLs communication system. 
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Figure 2. This is the schematic diagram of heterodyne LISLs. (a) Adjacent and nearby OP LISLs; (b) Crossing OP LISLs. 
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Figure 3. Distribution of satellites in the Delta constellation. 
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Figure 4. Scenario of establishing LISLs between the same orbit. 
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Figure 5. Establishment of instantaneous LISLs between different orbits. 






Figure 5. Establishment of instantaneous LISLs between different orbits.



[image: Electronics 11 02232 g005]







[image: Electronics 11 02232 g006 550] 





Figure 6. Solving for the optimal Phasing Factor. (a) The variation of the OneWeb constellation, where   0 ≤ F ≤ 17  ; (b) The variation of the Starlink constellation, where   0 ≤ F ≤ 23  . 
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Figure 7. Modeling diagram of Starlink and OneWeb constellation (Data on the orbits of satellites in the constellation are detailed in the link in the Supplementary Materials). (a) OneWeb constellation; (b) Starlink constellation. 
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Figure 8. Comparison of coverage performance of Starlink and OneWeb constellation under different F. (a) OneWeb constellation, F = 1; (b) OneWeb constellation, F = 9; (c) Starlink constellation, F = 1; (d) Starlink constellation, F = 11. 
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Figure 9. Visibility analysis of Co-orbiting satellites. 
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Figure 10. Visibility analysis of adjacent orbiting satellites. 
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Figure 11. Visibility analysis of neighboring non-adjacent orbiting satellites. 
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Figure 12. Satellite visibility analysis with more than 3 orbits apart. 
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Figure 13. This is the schematic diagram of co-orbit link AER characteristic analysis. (a) Co-orbit forward link; (b) Co-orbit backward link. 
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Figure 14. Characterization of the adjacent orbital link AER. 
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Figure 15. Neighboring non-adjacent orbital link AER characterization diagram. 
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Figure 16. Crossing orbital link AER characterization diagram. 
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Figure 17. Starlink constellation static topology. 
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Table 1. Parameters comparison of several typical international LEO satellite constellation systems.
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	Constellation Name
	Orbital Altitude
	Start Year
	Number of Satellites
	Orbit Inclination
	Frequency Band





	Globalstar
	1414 km
	2007
	48 + 8
	52°
	L, S, C



	Orbcomm 2
	825 km
	2012
	35
	45°
	V



	Iridium NEXT
	780 km
	2017
	66 + 9
	86.4°
	L, Ka



	OneWeb
	1200 km
	2019
	720
	87°
	Ka, Ku, V



	Telesat
	1000/1200 km
	2023
	298
	99.5°/37.4°
	Ka



	Starlink *
	340/550/1150 km
	2024
	42,000
	53°
	Ka, Ku, V







* The data of the above satellites are available in the link “https://www.space-track.org/” (accessed on 15 April 2020), and the data is updated in real time.
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Table 2. Modified Starlink Constellation Phase I configurations.
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	Orbit Type
	Orbital Altitude
	Orbit Inclination
	Number of Orbital Planes
	Number of Satellites per Orbital Plane
	Total





	
	550 km
	53°
	66
	24
	1584



	
	540 km
	53.2°
	66
	24
	1584



	LEO *
	570 km
	70°
	36
	20
	720



	
	560 km
	97.5°
	6
	58
	348



	
	560 km
	97.5°
	4
	43
	172



	
	345.6 km
	53°
	
	
	2547



	VLEO
	340.8 km
	48°
	
	
	2748



	
	335.9 km
	42°
	
	
	2493







* The above orbital data concerning Starlink Constellation Phase I are derived from the FCC reports and the detailed parameters of the Union of concerned scientists satellite database. https://www.ucsusa.org/nuclear-weapons//space-weapons/satellite-database (accessed on 1 January 2022).
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Table 3. Number of permanent LISLs at different visual distance ranges.






Table 3. Number of permanent LISLs at different visual distance ranges.





	LISLs Range (km)
	Intra-OP
	AOPLs
	NOPLs
	Total





	659
	2
	0
	0
	2



	1317
	4
	0
	0
	2



	1972
	4
	2
	0
	6



	2622
	4
	6
	0
	10



	5016
	16
	34
	44
	94
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Table 4. Temporary LISLs between   S ( 2 , 1 )   and   S ( 5 , 1 )  .
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	Access
	Start Time
	Stop Time
	Duration (s)





	1
	04:06:26.497
	04:38:02.065
	1895.568



	2
	04:54:14.226
	05:25:49.799
	1895.573



	3
	05:42:01.955
	06:13:37.525
	1895.569



	4
	06:29:49.683
	07:01:25.256
	1895.573



	5
	07:17:37.413
	07:49:12.985
	1895.573



	6
	08:05:25.139
	08:37:00.710
	1895.570



	7
	08:53:12.869
	09:24:48.441
	1895.572



	8
	09:41:00.599
	10:12:36.171
	1895.572



	9
	10:28:48.324
	11:00:23.896
	1895.572



	10
	11:16:36.054
	11:48:11.626
	1895.572



	11
	12:04:23.786
	12:35:59.355
	1895.570



	12
	12:52:11.510
	13:23:47.083
	1895.573



	13
	13:39:59.244
	14:11:34.812
	1895.568



	14
	14:27:46.971
	14:59:22.543
	1895.572



	15
	15:15:34.697
	15:47:10.270
	1895.573



	16
	16:03:22.430
	16:34:57.998
	1895.568



	17
	16:51:10.157
	17:22:45.728
	1895.571



	18
	17:38:57.883
	18:10:33.456
	1895.573



	19
	18:26:45.617
	18:58:21.187
	1895.570



	20
	19:14:33.345
	19:46:08.916
	1895.571



	21
	20:02:21.073
	20:33:56.643
	1895.569



	22
	20:50:08.803
	21:21:44.376
	1895.573



	23
	21:37:56.531
	22:09:32.102
	1895.571



	24
	22:25:44.261
	22:57:19.829
	1895.568



	25
	23:13:31.990
	23:45:07.563
	1895.573



	26
	00:01:19.719
	00:32:55.288
	1895.570



	27
	00:49:07.447
	01:20:43.019
	1895.572



	28
	01:36:55.176
	02:08:30.749
	1895.573



	29
	02:24:42.903
	02:56:18.474
	1895.571



	30
	03:12:30.632
	03:44:06.204
	1895.572
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